Since the seminal work by Kojima et al. in 2009 , solar cells based on hybrid organic-inorganic perovskites have attracted considerable attention and experienced an exponential growth, with photovoltaic efficiencies as of today reaching above 22%. Despite such an impressive development, some key scientific issues of these materials, including the presence of toxic lead, the poor long-term device stability under heat and humidity conditions, and the anomalous hysteresis of the current-voltage curves shown by various solar cell devices, still remain unsolved and constitute an important focus of experimental and theoretical researchers throughout the world. Density functional theory calculations have been successfully applied to exploring structural and electronic properties of semiconductors, complementing the experimental results in search and discovery of novel functional materials. In this review, we summarize the current progress in perovskite photovoltaic materials from a theoretical perspective. We discuss design of lead-free perovskite materials, humidity-induced degradation mechanisms and possible origins for the observed solar cell hysteresis, and assess future research directions for advanced perovskite solar cells based on computational materials design and theoretical understanding of intrinsic properties.
Introduction
In the global challenge of capturing and utilizing solar energy for a large-scale sustainable development, photovoltaics represent a highly promising approach to the direct conversion of solar energy into electricity at low cost and with high efficiency [1, 2] . Recently, solar cells composed of hybrid organic-inorganic perovskites (HOIP) have attracted extensive attention because of an unprecedented increase of the power conversion efficiency (PCE) from the initial report of 3.8% in 2009 to the most recent highest certificated value of 22.1% in 2016 [3, 4] . Such rapid improvement in PCE of perovskite solar cells results from their outstanding intrinsic properties, such as excellent visible-light absorption [5] [6] [7] [8] , long carrier diffusion length [9] [10] [11] , low exciton binding energy [12, 13] , and high carrier mobility and lifetime [14, 15] .These unique properties, along with the low-cost solution-processable techniques, make them ideal candidates for new-generation photovoltaic absorbers. Although the understanding of fundamental mechanisms of superior photovoltaic properties of HOIP has made important progress, several critical issues still need to be solved for wide applications of perovskite materials in solar cells, including the presence of toxic lead element in the structure, the poor stability upon long-term exposure to ambient atmosphere, anomalous hysteresis in the current-voltage curves. Extensive efforts have been undertaken to identify nontoxic and stable perovskite-based solar cell absorbers both experimentally and theoretically [16] [17] [18] [19] [20] .
With the rapid development of computational power and theoretical methods, density functional theory (DFT) calculations are widely used to investigate the structural and electronic properties of materials in various fields, including photocatalysis, lithium battery materials, dye-sensitized solar cells and so on [21] [22] [23] [24] [25] . We noted that several review articles have been recently published summarizing the exciting prospects of theoretical and computational studies on organic-inorganic hybrid perovskites [26] [27] [28] . They mainly focused on structure, defect and optical properties of HOIP including lead element. Therefore, we will not repeat such discussions in this contribution. Instead, we mainly discuss here the theoretical progress in solving the three critical issues in perovskite-based photovoltaic materials defined above, and that is: Pb-free materials, stability against moisture and heat, and understanding and control over the photocurrent hysteresis; the special emphasis will be put on improvements completed in recent three years. The paper has been divided into five subsections: (1) theoretical and computational methods, (2) lead-free perovskite photovoltaic materials, (3) mechanism of humidity degradation, (4) origin of photocurrent-voltage ( J-V ) hysteresis, (5) conclusion and outlook.
Theoretical and computational methods
The structural and electronic properties of perovskite absorbers are found to have an important effect on the photovoltaic efficiencies. Calculations on HOIP show that the spin-orbit coupling (SOC) strongly influences electronic structure, including band structure, bandgap and effective masses [29] [30] [31] [32] [33] . Considering van der Waals (vdW) forces were also reported to be important in obtaining accurate geometrical structure of HOIP [34, 35] . Due to the detailed discussion of the importance of SOC and vdW in the recent theoretical review [26] , we will not cover the similar part in this work. Up to now, numerous calculations have indicated that hybrid functional HSE [36, 37] with SOC (HSE + SOC) is an optimal method to calculate properties of perovskite absorbers by simultaneously considering the accuracy and computational affordability [38] [39] [40] [41] . However, a disadvantage of hybrid functional is that external parameters are required, which determine the fraction of the exact exchange and the screening length for the Coulomb interaction. Hoye et al. stressed that hybrid functionals might provide a computationally less expensive alternative to GW method [42] . But this is only true if a good reference for gauging the fraction of the exact exchange ( α) exists. Otherwise, special care needs to be taken when interpreting HSE results in light of the dependence on the choice of α.
The crystal structure optimization and electronic structure calculations of perovskite photovoltaic materials are usually performed with software based on plane-wave basis sets and with the ability of dealing with periodic boundary conditions, such as Vienna Ab-initio Simulation Package (VASP) [43] , QUANTUM ESPRESSO [44] , the Cambridge Sequential Total Energy Package (CASTEP) [45] , and so on. The computational details and methods of structural and electronic properties for perovskite compounds are summarized as follows.
Goldschmit's tolerance factor
The general stoichiometric composition of perovskites is represented by the formula ABX 3 , in which the B site is octahedrally coordinated in a BX 6 configuration, while the A component is located within the cuboctahedral cavity formed by nearestneighbor X atoms in an AX 12 polyhedron. In the initial proposed organic-inorganic hybrid perovskites, A is an organic cation, such as CH 3 NH 3 + (MA), B is a divalent metal, mostly Pb, and the anion X is a halogen, usually iodine, as shown in Fig. 1 (a) [46] . A central geometrical parameter, known as Goldschmit's tolerance factor t can be used to predict the stability of ABX 3 perovskites. The Goldschmit's parameter is defined as [47] Where, r A and r B are ionic radius of the A-and B-site cations, respectively, and r X is the ionic radius of anion X. Substituting ABX 3 atomic constituent guides the preparation of new compounds and contributes to the understanding of MAPbI 3 performance and stability. This design scheme, complied with the Goldschmit's tolerance factor, was recently adapted within the field of HOIP [48] [49] [50] [51] [52] . As for HOIP, a cubic structure is formed when 0.8 ≤ t ≤ 1.The range of t < 0.8 generally implies likely formation of orthorhombic structure. For t > 1, there can be hexagonal structure formation. Kieslich et al. reported t for HOIP by treating all ions as hard spheres or cylinders, taking into consideration the molecular free rotation around its center of mass to deduce effective ionic radii for organic ions [48] . The t values for all the possible ABX 3 combinations accounting for ionic charge based on the lists shown in Fig. 2 were computed, suggesting that 742 out of 2352 calculated compounds could form a cubic perovskite phase, since they have tolerance factors within the range of 0.8 ∼ 1.0 [49] . Among them, only 140 of these are known materials.
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Effective masses of carriers
To study the drift velocity of electrons and holes, the effective masses of carriers are usually calculated since they are in inversely-proportional relationship. In other words, lower effective masses would imply more efficient charge-carrier transport. The effective masses for electrons and holes are determined by the dispersion of the edges of CBM and VBM and can be approximately described by [53] .
where, m * is the effective mass of charge carrier and
is the coefficient of the second-order term in a quadratic fit of ɛ ( k ) curve of the band edge.
The optical adsorption
The photon energy ( ω) dependent absorption coefficient α( ω)
is calculated by the equation [54, 55] :
where ε 1 ( ω) and ε 2 ( ω) are the real and imaginary parts of dielectric function respectively. ε 2 ( ω) is calculated in the random phase approximation [55] , and ε 1 ( ω) is generated from ε 2 ( ω) by means of the Kramers-Kronig relation.
The exciton binding energy
To evaluate exciton effects, the exciton bind energy is usually calculated based on a simple Wannier exciton model [56] [57] [58] . The exciton binding energy is given by
where μ is the reduced effective mass, which equals to 1 / (
, m e and m h are the effective mass of electron and hole, respectively. ε ∞ is the high-frequency dielectric constant.
The resulted E b describes the excitons generated immediately after photon excitation (without lattice polarization process involved).
Spectroscopic limited maximum efficienc y
In order to give an evaluation of photovoltaic performance of the selected optimal materials, the theoretical maximum solar cell efficiency, namely, spectroscopic limited maximum efficiency (SLME) is usually calculated based on the improved ShockleyQueisser model [58] [59] [60] , with the standard AM1.5 G and AM0 solar spectra. The I -V curve under illumination is described as
where, I sh is the short circuit current, I 0 is the reverse saturation current, V is the voltage between electrodes, T c is the temperature of the solar cell, k is Boltzmann constant, and q is electronic charge. I sh is calculated as
is the bandgap of material, and I sun ( E ) is the sunlight photon flux at energy E. I 0 is calculated by
is the black-body spectrum at temperature T c . Developed from Shockley-Queisser maximum solar cell efficiency, the SLME method takes the photon absorptivity α abs ( E ) into account. In this
The SLME of a material takes into account the bandgap size and character (direct or indirect), and the optical absorption spectrum, all of which can be obtained from reliable DFT calculations [20, 61, 62] .
Lead-free perovskite photovoltaic materials
The environmental concern of lead in hybrid perovskites solar cells with high performance has led to the recent development in the lead-free perovskites photovoltaic materials. The advances and scientific issues related to lead-free perovskites have been presented in recent review articles [17, 42, 63] . This work only underscores theoretical investigations on the design of lead-free perovskite materials.
ABX 3 compounds
The understanding of structural and electronic structures of APbX 3 provides a necessary foundation of designing novel compounds. Before the first report of hybrid HOIP solar cells, the structural and electronic properties of halide perovskites have been investigated by DFT calculations [64, 65] . Computed studies showed that MAPbI 3 has direct bandgaps of ∼1.6 eV. The valence band maximum (VBM) is composed of anti-bonding Pb 6 s and I 5 p orbitals, and the conduction band minimum (CBM) is almost purely contributed from empty Pb 6 p orbitals, as displayed in Fig. 1 (b) -(f) [46, 66] . The superior photovoltaic properties of APbX 3 were calculated to be attributed to the Pb 6 s lone-pair-induced strong Pb 6 s -I 5 p antibonding coupling, the high symmetry of the perovskite structure, and the three-dimensional (3D) electronic dimensionality [28, 67, 68] . Solutions to reduce toxicity in APbX 3 were naturally first sought by substitution of divalent cations, such as Sn and Ge. High throughput computational screening has been applied to search suitable lead-free ABX 3 perovskite materials for solar cell applications in recent years [69] . Castelli et al. computed bandgaps of 240 perovskites ABX 3 (A = Cs, CH 3 NH 3 , HC(NH 2 ) 2 ; B = Sn, Pb; X = Cl, Br, I) [70] . Their calculations showed that the bandgaps are strongly dependent on the electronegativities and the lattice constants. Coincidentally, Filip et al. found that the bandgaps of ABX 3 compounds are strongly related to the largest metal-halide-metal bond angle, which can be tuned by the size of A site [71] . Krishnamoorthy et al. explored 360 ABX 3 compositions (A = K, Rb, Cs; X = Cl, Br, I; B = 40 divalent cations) in idealized cubic perovskite structures summarized in Fig. 3 [72] . Due to known underestimation of bandgaps calculated with the PBE method, they used the experimentally measured bandgap of CsSnI 3 as a calibration to search for suitable compounds. According to the thermodynamic stability and bandgap of materials, the computation revealed Ge is a candidate element for replacing Pb in halide perovskite compounds, which stimulated the experimental syntheses. Filip and Giustino explored all homovalent metal ions which could replace Pb in MAPbX 3 [73] . By taking into account the bandgap and perovskite crystal structure as criteria, they reduced 248 potential perovskite combinations to 25, and proposed that Mg is a potential candidate for partial replacement of Pb to reduce the toxicity and retain the optoelectronic properties. Körbel et al. found 199 stable inorganic perovskites out of initial 32,0 0 0 possible compounds from high-throughput calculations [74] . In ABX 3 structure they studied, X is N, O, F, S, Cl, Se, Br, Te and I; A and B can be all elements up to Bi. The calculated bandgaps and effective hole masses suggested that the most promising strategy to improve the stability of the perovskite absorbers is alloying and/or doping of one or several of the inorganic group IV halides, or to explore compounds related to BaPbO 3 and BaZrSe 3 . Yang et al. applied a functionality-directed theoretical material selection approach to study thermodynamic stability and photovoltaic properties (light absorption, carrier effective mass, dupability, exciton binding, etc.) of ∼100 candidate hybrid perovskite [41] . They identified 14 Geand Se-based compounds with potential superior bulk-materialintrinsic photovoltaic performance.
A theoretical investigation on orthorhombic MASnX 3 (X = Cl, Br, I) with the HSE hybrid functional suggested that the direct bandgap ranges from 1.67 to 3.0 eV at the point, and that the evaluated effective masses of carriers are comparable to MAPb X 3 (X = Br and I) counterparts [75] . Under a small isotropic compressive stress, the photon absorption efficiency of MASnX 3 perovskites is slightly improved due to the reduction of the fundamental bandgap. Wang et al. calculated the crystal structure, optical properties and carrier mobility for three phases of MASnCl 3 with nonlocal vdW correlation [76] . It was shown that MASnCl 3 has superior performance in terms of its optical absorption coefficient (up to 10 5 cm −1 ) and the electron mobility of triclinic phase can achieve large magnitude of 1700 cm 2 V −1 s −1 . These superior photoelectric properties may result from the distorted octahedral SnCl 6 − . The same research group also calculated various properties of MAGeCl 3 [77] . The results revealed that the absorption efficiency of MAGeCl 3 is superior to that of MAPbI 3 in short wavelength region because of the ferroelectricity caused by more serious distortion of octahedral GeCl 6 − . When the isotropic compressive pressure was applied, the absorption efficiency and carrier mobility of MAGeCl 3 in orthorhombic phase can be improved greatly thanks to changes of electronic structure. When Pb was replaced by Bi, it was theoretically found that MABiI 3 exhibits not only stronger visible light absorption than MAPbI 3 but also enhanced absorption in the infrared region, which is absent in MAPbI 3 [78] . Very recently, Ju et al. applied a mixing element strategy to design new lead-free perovskites [79] . Nine materials were identified to possess suitable bandgaps. Among them, RbSn 0.5 Ge 0.5 I 3 exhibits comparable absorption spectrum of sun light with MAPbI 3 , with small effective carrier masses, low exciton binding energies and high stability under moisture environment, which is remarkably promising as solar absorber.
A 3 B 2 I 9
Ternary bismuth/antimony halides, A 3 B 2 I 9 , form an interesting functional materials class in the context of the closely related Pb halide perovskite photovoltaics [80] [81] [82] . In comparison with the prototypical ABX 3 perovskite, the A 3 B 2 X 9 compound has two metal ions in the crystallographic unit cell. The enlarged unit cell makes this class unique in the increased possibility of ion replacements where further tuning of the properties can be achieved. Cs 3 Sb 2 I 9 has two known structural modifications, the zero-dimensional (0D) dimer form and the two-dimensional (2D) layered form. Computational investigations suggested that the layered form, which is a one-third Sb-deficient derivative of the ubiquitous perovskite structure, is a potential candidate for high bandgap photovoltaic applications [81] . The results also pointed to a nearly direct bandgap for this material and a similar high-level of absorption compared to MAPbI 3 Rb, Cs) show that the bandgaps are around 2 eV and are rather insensitive to the counteraction and structure type [83] . Direct gaps of layered K and Rb salts coupled with the high DOS with a strong p-character across the gap are promising for effective light absorption. Pazoki et al. computed direct and indirect bandgap values for Cs 3 Bi 2 I 9 and MA 3 Bi 2 I 9 , which are in good agreement with the experimental data [84] . The results with lower absorption coefficient, lower static dielectric constant, and higher exciton dissociation energy may explain the lower device performance found so far for bismuth iodide A 2 Bi 2 I 9 compared to its lead counterpart. Their calculations also suggest that A 3 Bi 2 I 9 are promising lead-free perovskites, especially as the top cell material in tandem solar cells, owing to the relatively high bandgap and electron mobility in the a -b plane. A 3 B 2 X 9 compounds show low electronic and structural dimensionalities, leading to large bandgaps ( > 2 eV), heavy carrier effective masses, detrimental defect properties, and thus poor photovoltaic performances.
Double perovskite
An alternative approach attempted to design lead-free halide perovskites has been to replace two Pb 2 + ions in single perovskite APbX 3 with an ion pair of a monovalent M + and a trivalent M 3 + in double perovskite A 2 M + M 3 + X 6 , as shown in Fig. 4 (a) [85] . There has been a first principle computational study on (MA) 2 TlBiI 6 when no double perovskite compounds were synthesized [86] . The electronic structure of this material presents close similarities with the well-assessed MAPbI 3 system, which makes such compounds potential alternative materials for solar applications. Deng et al. theoretically found that the hybrid double perovskites (MA) 2 B ' BiX 6 (B ' = K, Cu, Ag, Tl; X = Cl, Br, I) have bandgaps similar to those of the MAPbX 3 compounds [87] . They successively synthesized (MA) 2 KBiCl 6 and (MA) 2 TlBiBr 6 , and the latter was found to have a bandgap of ∼2.0 eV [87, 88] .
Three independent studies reported simultaneously the successful replacement of Pb with the heterovalent substitution of Bi and Ag to form a halide double perovskite [89] [90] [91] . This class of perovskites crystallizes into a three-dimensional (3D) crystal structure in the cubic space group Fm 3 m , where the rock-salt arrangement of B cations is energetically favored, primarily because of the large charge difference between monovalent and trivalent B cations [92, 93] . It is found that the double perovskites Cs 2 AgBiX 6 (X = Cl and Br) preserve many of the desirable properties of MAPbI 3 and MAPbBr 3 for solar-cell applications while removing the toxic element and improving the stability. However, they possess an indirect bandgap of more than 1.95 eV compared to the direct bandgap of ca. 1.6 eV seen in the lead halide perovskites, which was further confirmed by many-body perturbation theory calculations [94] . It is proposed that engineering a direct bandgap in these compounds could be realized by incorporating an organic cation into the cuboctahedral cavity [91] . Then Xiao et al. performed DFT calculations on the thermodynamic stability, electronic structure and defect properties of Cs 2 AgBiBr 6 [95] . Their results revealed that the growth of Cs 2 AgBiBr 6 under Br-poor/Bi-rich is preferred for suppressing the formation of the deep defects, which is beneficial for maximizing the photovoltaic performance. Slavney et al. reported that the alloyed double perovskite Cs 2 (Ag 1-a Bi 1-b )Tl x Br 6 shows comparable bandgap energy and carrier lifetime to those of MAPbI 3 , and alloying sites are highly related to the value and character of bandgap [96] .
Based on first-principle calculations, Zhao et al. identified 11 optimal double perovskite materials with intrinsic thermodynamic stability, suitable bandgaps, small carrier effective masses, and low excitons binding energies as promising candidates to replace Pbbased photovoltaic absorbers, as shown in Fig. 4 (b) [85] . Among them, two direct-gap materials, Cs 2 InSbCl 6 and Cs 2 InBiCl 6 , with the gap values around 1.0 eV, show the theoretical maximum solar cell efficiencies comparable to that of MAPbI 3 . Soon after, Xiao et al. reported the Cs 2 In(I)M(III)X 6 (M = Bi, Sb, X = halogen) double perovskites to be unstable against oxidation into In(III)-based compounds by a combination of DFT and experimental study [97] . Their results further show that it is necessary to consider reduction-oxidation chemistry when predicting stability of new materials, especially when less common oxidation states are involved. Volonakis et al. predicted that Cs 2 InAgX 6 (X = Cl, Br, I) should exhibit direct bandgaps within the visible-to-ultraviolet spectrum range with use of HSE and PBE0 methods, which was confirmed by the successful synthesis of Cs 2 InAgCl 6 [98] . They also theoretically proposed that it may be possible to obtain good optical absorbers with tunable and direct bandgaps by developing 
Chalcogenide perovskite
Recently, chalcogenide perovskites ABX 3 (X = S, Se; A, B = metals with combined valence of 6) are found to be an emerging class of semiconductors in photovoltaic applications since they are more environmentally friendly than lead halide perovskites [102, 103] . In 2015, Sun et al. investigated 18 chalcogenide compounds in distorted perovskite, needle-like and hexagonal phases, displayed in Fig. 5 , using PBEsol functional combined with HSE06 functional [104] . Based on the calculated bandgaps and absorption properties, they identified CaTiS 3 , BaZrS 3 , CaZrSe 3 , and CaHfSe 3 in distorted perovskite structure as promising solar cell materials. Meng et al. applied alloying and defect control in BaZrS 3 by means of GGA + U and HSE06 methods [62] . Their calculations showed that a small Zr substation by Ti (BaZr 1-x Ti x S 3 , x = 0.1) is able to reduce the bandgap from 1.76 eV to 1.47 eV, and the theoretical PCE of BaZr 1-x Ti x S 3 is higher than those of well-known lead halide perovskites for the same thickness. They predicted that introducing compressive strain may be a plausible approach to stabilize BaZr 1-x Ti x S 3 perovskite film. Niu et al. studied α-SrZrS 3 , β-SrZrS 3 and BaZrS 3 experimentally and theoretically [105] . The bandgaps calculated with GGA + U method are consistent with experimental data generated from peaks in photoluminescence spectra, but they require usage of different U values for each of the three compounds. Very recently, Ju et al. theoretically designed 26 ABX 3 perovskite chalcogenides (A = Ca, Sr, Ba; B = Sn, Ge, Te; X = O, S, Se) [106] . Their results indicated that SrSnS 3 and SrSnSe 3 are promising candidates for photovoltaic applications on the basis of calculated Goldschmidt's tolerance factors, bandgap values, optical absorption spectra, effective masses and phonon dispersion. They pointed out that the element-mixing strategy can be applied to tune bandgaps and optical absorption of perovskite chalcogenides and useful for designing tandem photovoltaic devices.
Humidity degradation
The critical role that humidity plays in the degradation of perovskite solar cell performance has drawn more and more academic attention [57, [107] [108] [109] [110] . Earlier studies indicated the in humid environment MAPbI 3 directly decomposes into PbI 2 and MAI, leading to further breakdown to CH 3 NH 2 and HI [111, 112] . However, recent experiments revealed the formation of hydrate phases of MAPbI 3 as an integral part of the degradation mechanism [113] [114] [115] [116] . Numerous theoretical works were performed to gain a comprehensive understanding of degradation process of MAPbI 3 . Mosconi et al. applied ab initio molecular dynamics (AIMD) simulations to study the interaction between liquid water and tetragonal MAPbI 3 (001) surface with different terminations displayed in Fig. 6 [117] . Their results indicate that MAI-terminated surfaces are easily prone to solvation since the interplay between water molecules with Pb atoms accelerates the release of I atoms. At the same time, PbI 2 -terminated surfaces are found to be less sensitive to the presence of interfacial water due to the stronger Pb − I bonds on these facets. They also proposed that the incorporation a water molecule into PbI 2 -exposing surface could be the initial step in the formation of an intermediate hydrated phase. Another first-principle study on MAI-terminated MAPbI 3 (001) surface suggests that water molecules are extremely easy to infiltrate into MAPbI 3 surface and corrode down the whole structure step by step [118] . More importantly, during the water corrosion of MAPbI 3 tion of the structure is observed. Due to the deformation induced by the water, the optical absorption in the visible region is greatly decreased, which could be the main reason for the degradation of the performance of perovskite solar cells. Koocher et al. found that water adsorption on (001) surfaces of MAPbI 3 is strongly affected by the orientation of the CH 3 NH 3 + (MA) cations near to the surface [119] . Water favorably adsorbs on all the studied sites for both PbI 2 -and MAI-terminated surfaces, supporting the existence of the experimentally observed hydrate state as a potential first step of degradation process. Calculated results including an implicit salvation model indicate that a higher water concentration may facilitate degradation through increased lattice distortion. Zhang et al. performed AIMD and DFT calculations on MAPbI 3 perovskites. The computed results revealed that the moisture-induced weakening of photoabsorption is closely related to the formation of hydrated species. The electronic excitation in the bare and water-adsorbed MAPbI 3 nanoparticles tends to weaken Pb − I bonds, and the maximal decrease of photoexcitation-induced bond order can reach up to 20% in the excited states in which the water molecules are involved in the electronic excitation, indicating the accelerated decomposition of perovskites in the presence of sunlight and moisture [120] .
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Zhang and Sit explored that the role of water, hydroxyl radicals and hydroxide ions in the degradation process of tetragonal MAPbI 3 and MAPbBr 3 (110) surfaces [121] . It is found that the deprotonation of the MA cations followed by the desorption of CH 3 CH 2 molecules is a key step in the degradation mechanism. Hydroxyl radicals and hydroxide ions were found to greatly facilitate the desorption process due to the spontaneous abstraction of H 0 and H + from the MA cation before the desorption, while water molecules had little effect on it. Later, they used AIMD and climbing image nudged elastic band techniques to further unveil the microscopic details of the degradation of MAPbI 3 [122] . Their results show that bulk MAPbI 3 preferentially transforms into monohydrate MaPbI 3 H 2 O by reacting with H 2 O molecules, but the subsequent decomposition of this monohydrate is energetically unfavorable. The decomposition reactions of monohydrate in the presence of hydroxyl radicals are significantly less endothermic compared to those involving only water or with hydroxide ions. A molecular cluster model and AIMD simulations were used by Fang and Jena to simulate degradation process of MAPbI 3 exposed to moisture [123] . As shown in Fig. 7 , due to the small size and polarized configuration, a water molecule is trapped between MA + and [PbI 3 ] − ions with oxygen pointing to MA + and hydrogen toward [PbI 3 ] − . At high temperature, the water molecule enters between two iodine atoms of [PbI 3 ] − anion, and then the water molecule pushes the iodine away given the coulombic repulsion between oxygen and iodine. The isolated and negative charged iodine then catches a proton from the NH 3 group in the MA + to form HI, which subsequently starts to adhere to the water molecule. The leftovers are PbI 2 and CH 3 NH 2 . Such mechanism is consistent with the findings in previous calculations [117] . Based on these findings, a strategy to inhibit the degradation was proposed. Replacing I − with [BH 4 ] − can make the negative charge be shared by many H atoms so that the attraction between anion and the water molecule decreases. The following calculation on reaction pathway of MAPb(BH 4 ) 3 with a water molecule also suggest the compound with [BH 4 ] − is more resistant to moisture [124] . A combined experimental and theoretical investigation revealed that the MAPbI 3 degradation in humid environment proceeds by two parallel reactions: the PbI 2 formation by the desorption of MAPbI 3 species and the generation of a MAPbI 3 hydrate phase by water incorporation [125] . Zhang and co-workers' first-principle DFT calculations combined with AIMD showed that PbI 2 -terminated (001) surface of MAPbI 3 is more stable than MAI-terminated and PbI 2 -defective surfaces in a humid environment, which is similar with the results calculated by Mosconi et al. and in accordance with the recent experiment [117, 126] . The formation of hydrated species following structural reconstruction of surfaces is calculated to be related to the experimentally-observed moisture-induced weakening of photo-absorption. The decrease in the observed large bond strength of Pb-I bonds around water molecules induced by electronic excitation explains the experimental observation that HOIP are more easily degraded in humid air when exposed to sunlight. With the aid of a first-principle vibrational dynamics, Zhu et al. found that the interaction between MA and H 2 O through hydrogen bonding is not established until the phase transition to monohydrate where H 2 O and MA are locked to each other [127] . This lack of interaction in water-infiltrated perovskite is a result of dynamic orientational disorder imposed by tetragonal lattice symmetry. Ab initio nonadiabatic molecular dynamics performed by Long et al. revealed that small amounts of water adsorbed on the MAIterminated (001) surface of tetragonal MAPbI 3 can perturb perovskite surface, make localized photoexcited electron close to the surface and more importantly avoid deep electron traps, which results in the decrease of electron-hole overlap and the increase of the excited state lifetime [128] . Some theoretical efforts focus on the effect of water molecules on the stability of other perovskite materials, like MAGeI 3 and formamidinium lead iodide (FAPbI 3 ) [129, 130] . These works also found easy diffusion of water into the inner of perovskite, structural destructions, formation of hydrated intermediates and the moisture-induced decrease in optical absorption observed in MAPbI 3 .
DFT-based calculations have been not only applied to study the mechanism of water degradation in perovskite solar cells, but also used to propose strategies of improving their humidity stability. Dong et al. performed theoretical calculations on the corresponding molecular models of MAPbI 3 and found that the hydrogen bonding interactions between the inorganic PbI 3 unit and organic CH 3 NH 3 unit play an essential role in determining the stability of MAPbI 3 [131] . The computations suggested that the organicinorganic structure would inevitably change in a humid environment because of the high polarity of water. Based on these theoretical understanding, they deposited ultrathin Al 2 O 3 films on the hole-transfer layer to improve the ambient stability without a significant reduction in efficiency. Wang et al. demonstrated that by utilizing small sized "moisture resistive" passivation molecules with proper steric arrangement, it is possible to fabricate air stable perovskite solar cells with PCEs about 19% [132] . As shown in Fig. 8 , DFT calculations indicated that the benzylamine (BA) molecules are packed almost perpendicular to the perovskite surface, while the aniline (A) and phenethylamine (PA) molecules orient in a relatively irregular fashion. The results of AIMD showed that the water molecule in BA-modified FAPbI 3 is more far away from the Pb − I layer than those in A-modified FAPbI 3 and PAmodified FAPbI 3 , which indicated that the benzylamine molecules effectively keep water molecule away from the perovskite lattice and improve the humid stability of FAPbI 3 observed in experiments. The theoretical findings provided a foundation of advancing the material optimization processes toward practical applications of perovskite solar cells.
Anomalous photocurrent-voltage hysteresis
Recognition of the photocurrent-voltage ( J-V ) hysteresis as a common issue in the hybrid perovskite-based solar cells followed almost immediately their wide implementation as absorber materials for photovoltaics [133] . As the J-V characteristic has been commonly used to measure the power conversion efficiency of a photovoltaic cell, the hysteresis leads to ambiguous estimations of perovskite-cells quality, causing serious problems in planning rational improvements of the device performance. In the following paragraphs, we address the issue of the J-V hysteresis in hybrid perovskite solar cells from the theoretical perspective, underlying important achievements in the field. For a wider view over the subject, we also refer the interested readers to recent experimental [134, 135] and molecular dynamics-oriented [136] review articles including discussions on the hysteresis problem.
The J-V hysteresis manifests itself in variation of the recorded J-V curve shape, as the direction of voltage sweep is reversed. This can be associated with an internal electric capacity of the cell, whose polarization depends on the device history. Typically, faster voltage sweeping results in larger hysteretic response of the measured photocurrent. However, in the case of the perovskite-based devices, the pronounced hysteresis is observed in both regimes of the sweeping rate: fast and slow (anomalous), corresponding to voltage change rates of ca.1 − 2 V s −1 [137] and 10 − 150 mV s −1 [133] , respectively. Usually, for the hysteresis-free, steady-current response, the rates below 5 mV s −1 are required [137, 138] . Additionally, the tendency for hysteretic behavior increases with the device aging [139, 140] . The observed hysteresis shows dependence on temperature [138, 141] and, even more interestingly, on preconditioning including exposure to light and bias [135, 142, 143] . In particular, it has been demonstrated that cyclic light soaking may activate the thin film devices for a better performance [137, 144] . Another observed unusual effect is inversion of the perovskite-cell hysteresis direction observed in mixed-halide mixed-organic cation perovskites; the effect has been attributed to an energetic extraction barrier at the perovskite/TiO 2 -eletronic transport layer (ETL) interface [145] .
The goal of identifying origins of the J-V hysteresis raised tremendous research efforts, both on experimental and theoretical side. Soon, after the number of available reports started to grow, a challenge of resolving seemingly contradictory findings appeared. Some studies showed that the hysteresis can be observed in the bare perovskite placed between metal electrodes, which suggested the material itself being responsible for the phenomenon [ sis dependence on the device architecture (e.g. meso-structured devices generally show smaller hysteresis than the planar cells, as shown in Fig. 9 [137] ), including also contacts [133, 146] and interfaces effects [147] . Over time, three different phenomena have raised special attention and have been proposed to stay behind the observed J-V hysteresis: (i) material ferroelectricity, (ii) charge carriers trapping, and (iii) internal ion migration, with the latter one being now widely accepted as the dominant factor responsible for the hysteretic behavior [134] [135] [136] . As theoretical investigations contributed greatly to establishing current view on the perovskite hysteresis subject, we briefly review number of important mechanistic reports below. Chronologically first hypothesis for the origins of the hysteretic current response in HOIP cells pointed at material ferroelectricity. Possible internal electric polarization in hybrid perovskites was associated with atomic displacements from the high-symmetry points inside the crystal cell or organic cations collective reorientation. In an early paper, Frost et al. studied by means of Monte-Carlo simulations the polarized domain behavior in hybrid perovskites arising from molecular rotations [148] . The model was parameterized with DFT calculations, using both static lattice and molecular dynamic simulations. The used approach was restricted to a 2D case, and allowed the dipoles to rotate freely. Within this model, the interactions between rotating ions lead to ordered domains, resulting eventually in a structured local potential electric field. The realignment of these domains upon removal or reversal of the field was considered a possible source of the photocurrent hysteresis.
With a fully atomistic approach, Gottesman et al. investigated by means of experimental and theoretical tools the effects of light and bias on the methylammonium ions rotations in MAPbI 3 [149] . On the basis of DFT calculations, they reported increase of rotational mobility of the organic cations upon transition from the ground to the lowest excited (triplet) electronic state, stemming from weakening of the hydrogen bonds between MA ions and the inorganic cage. The resulting quick dipole alignment was found to put strain on the inorganic lattice, which eventually was expected to relax on a much longer timescale. As a conclusion, it was proposed that under working conditions a modified, photostable, perovskite structure is formed from the original crystal cell, depending on the bias and illumination parameters, and that this structural transition could be responsible for the perovskite cell hysteretic behavior.
In another joined experimental and theoretical study, Fan et al. probed cation alignment in MAPbI 3 system by means of DFT methods with 3D boundary conditions and found that a ferroelectric structure with polarization of ∼8 μC cm −2 is the globally stable one among all possible tetragonal forms [150] . At the same time, however, experimentally no room-temperature ferroelectricity was observed. The discrepancy between theoretical and experimental results has been attributed to the dynamic orientational disorder of the polar molecular cations and the semiconducting nature of MAPbI 3 at room temperature, allowing for limited leakage current within the perovskite material.
In a similar spirit, Filipetti et al. investigated in detail at the DFT level the ground state potential energy surface of the MAPbI 3 system, which lead to identification of 70 local minima corresponding to different molecular and inorganic-scaffolding configurations, all within orthorhombic crystal cell symmetry [151] . According to their estimation, only for temperatures lower than 40 − 50 K a clear ferroelectric behavior may be displayed in the studied system. This conclusion was rationalized in terms of entropic disorder expected for the system in higher temperatures, as many of identified structures have similar energies. The entropic effect results in a dual nature of the materials polarization with molecular dipole moments aligned at the nanoscale, but with the macroscopic polarization vanishing at the macroscale. The study does not directly refer to the problem of the J-V hysteresis, but points out an important temperature-related issue which could explain the lack of experimental evidence of ferroelectricity in typical HOIP materials at room temperature, despite the presence of mobile polar groups in their structures. At the same time, it may be worth noticing, that for another system belonging to the HOIP family, characterized with more spatially extended aromatic cation, the room-temperature stable ferroelectric phase has been experimentally confirmed [152] . Recently also the effects of local ferroelectric order on photo-generated charge recombination has been investigated by means of non-adiabatic molecular dynamics simulations for this system [153] .
As of today, the hypothesis of ferroelectricity as a possible cause of the photocurrent hysteresis is practically excluded in the case of hybrid perovskite materials. This is because of lack of evidence for room-temperature macroscopic polarization for the hysteresisexhibiting systems on the one hand, and on the other hand due to discrepancies in the dynamics timescales of the hysteretic response and the organic cations dynamics (several seconds vs . picoseconds). This shifted attention to other possible explanations for the unusual current response to the voltage sweeping. In particular, the mobility and possible trapping of charge carriers has been investigated in this context. Recently, Uratani et al. investigated the role of defects for trapping electrons and holes at the perovskite material surface [154] . The energy levels of defect states and the formation energy of various types of surface defects were studied by first-principle calculations based on DFT for the MAPbI 3 system containing surface defects, using slab models. The discussion concentrates on the possible types of carrier-trapping surface defects for different stoichiometric conditions: I-rich, Pb-rich, and moderate. It is suggested, that the reduction of carrier trapping on surfaces or grain boundaries and following removal of the current hysteresis can be achieved in the Pb-rich or moderate conditions, while the excessive I atoms on flat and vacant surfaces are respon- sible for strong carrier trapping, resulting in built-up of an internal voltage within material crystal grains. Reenen et al. approached the problem of hysteresis origins from a different perspective of numerical drift-diffusion simulation [18] . While putting major attention to the ion migration, at the employed level of theory they identified crucial role of the electronic charge traps, placed most likely at the perovskite interface and serving as recombination centers. Reported results show that reduction of either the density of mobile ionic species within the perovskite layer, or carrier trapping at its interface can remove the disadvantageous current hysteresis. In a related drift-diffusion study, Richardson et al. identifies the ionic charge buildup in narrow Debye layers close to the blocking layers at the electrodes as crucial to understanding the experimental J-V curves [155] .
Finally, ion migration itself has been also recently studied intensively as a possible cause of the current hysteresis. The mechanism seemed promising, as similar phenomena had been already known for the purely-inorganic halide-based perovskite materials [156] . Presently, ion migration is widely considered the most probable reason for the J-V hysteresis, which would be hardly possible to establish without the extensive theoretical-research effort s. In this mechanism, mobile charged defects are predicted to pile up close to the interfaces between the perovskite and the selective contacts. The resulting field created across the perovskite layer modifies the landscape of the electronic levels within the material and may give rise to internal material's electric capacity, visible during the J-V scans as hysteresis (see Fig. 10 ).
Initial studies in this direction concentrated on estimating the activation energies for ion vacancies migration at the DFT level of theory. In their pioneering work, Azpiroz et al. predicted iodine vacancies to be highly mobile, with activation energy as low as 0.1 eV [157] . This was expected to result in iodine-migration timescales being too short to explain the slow hysteretic current response (several seconds timescale). At the same time, activation barriers for the MA and Pb vacancies migration have been found at 0.5 and 0.8 eV, respectively, which corresponds to response times of the order of tens of ms to minutes, eventually making the MA and Pb cations good candidates for the hysteresis-causing mobile species. In a related study, Eames et al. analyzed activation energies for ionic migration derived from first principles, and compared with kinetic data extracted from the current-voltage response of a perovskite-based solar cell [158] . With the assumption of a Boltzmann-like barrier-hopping process at 320 K temperature, they estimated activation energies for I, MA and Pb vacancies migration at 0.6, 0.8, and 2.3 eV, respectively. These results confirmed that hybrid halide perovskites should be considered as mixed ionic electronic conductors with iodide ions as the majority ionic carriers, but reporting generally higher activation energy values, excluded effects other than iodide-migration related from contributing to the current hysteresis. Finally, Haruyama et al. explored the ion diffusion effects in tetragonal MAPbI 3 and trigonal FAPbI 3 materials [159] . The calculated activation energies of the anionic and cationic vacancy migrations showed that iodine vacancies in both, MAPbI 3 and FAPbI 3 , can easily diffuse with low barriers of ca. 0.45 eV. The MA cations and larger FA cations were found to have low barriers as well, in the range of 0.55 -0.90 eV, eventually indicating that the cation molecules can also migrate in the perovskite sensitizers when a bias voltage is applied. In a similar spirit, Yang et al. analyzed barriers for interstitial migration of defects as well, obtaining values of 0.28 eV and 0.20 eV for the MA and I ions, respectively [160] . These results brought the conclusion of possible important role of the previously neglected migration mechanism. Finally, in a joined experimental-theoretical study, Zhang et al. reported an interesting effect of increased iodine-vacancy diffusion activation energy due to partial substitution with bromine, with the value shifting from 0.34 eV to 0.46 eV while moving from the pure to the substituted material, respectively [161] .
As part of the discussion on the possible effect of ionic migration and defects, Walsh 
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JID: JECHEM [m5G; October 26, 2017; 21:49 ] tions in MAPbI 3 , accompanied with observed high amount of ionic species at the room temperature [162] . It was demonstrated that an origin of this phenomenon could be a prevalence of ionic over electronic disorder in stoichiometric materials. The equilibrium charged vacancy concentration has been predicted to exceed 0.4% at room temperature, confirming the relevance of ion migration in the perovskite-based cells performance. A separate, important set of contributions aimed to understand the possible connection between photocurrent hysteresis and ion migration is based on molecular-dynamics studies. In their work, Delugas et al. [163] modeled the diffusion of point defects in crystalline MAPbI 3 at finite temperatures using all-atoms molecular dynamics employing the classical interatomic potential developed previously by the authors [164] . It was found that iodine diffusion (vacancies and interstitials) is by far the dominant mechanism of ionic transport in MAPbI 3 (from room up to sublimation temperature). At the same time, though vacancies were found about an order of magnitude more diffusive than interstitials, it is predicted that interstitial dynamics, characterized by a quasi-planar anisotropic diffusion, increases more rapidly with temperature and can be dominant at temperatures greater than 350 K. In another study, Meloni et al. reported first-principle MD and string simulations of the vacancy-driven ionic migration [165] . They found that while halide migration leaves the surrounding crystal structure almost unchanged, and the migration of the MA cation requires local, but significant structural rearrangement. Mosconi et al. employed molecular dynamics simulations to study defect migration under light irradiation in the MAPbI 3 system [166] . On the basis of the obtained results, a model in which light irradiation promotes the annihilation of iodine vacation/iodine ion Frenkel pairs was proposed. Such effect could lead to partial restoration of a non-defective crystal and elimination of the trapping centers associated with such defect pairs. A stabilization of migrating ions by the immobile MA-cations rotation was also observed, as was also discussed by the authors in a perspective article [167] . An interesting study by Frost et al. has been also reported: a wide-scale simulation including static calculations, molecular dynamics and Monte-Carlo approach was employed to model the internal motion in MAPbI 3 and FAPbI 3 systems, covering molecular rotationlibration in the cuboctahedral cavity, drift and diffusion of large electron and hole polarons, and transport of charged ionic defects [168] .
Finally, while iodine has been repeatedly found the main candidate for the mobile ionic species and whole MA migration has been also confirmed [169] , a scenario with H-atom hopping inside the hybrid perovskite material has been also proposed by Egger et al. [170] . By using first-principles calculations based on density functional theory, they showed that differently char ged defects occupy different sites in perovskite crystal, which may eventually allow for ionization enhanced defect migration. It was found that iodide displacements, combined with hydrogen bonding, enable proton diffusion with migration barrier as low as 0.29, placing the proposed mechanism among possible explanations for the photocurrent hysteresis in HOIP materials.
Conclusion and outlook
In the sections above, we have shown that theoretical and computational chemistry of perovskite solar cells has been successful in assisting the design and screening of new materials, and in providing experimentally inaccessible information related to microscopic mechanisms and chemical/physical properties. DFT methods have strong impact in the field, because of the excellent trade-off between accuracy and computational cost. The simulation of the electronic and optical properties of perovskite absorbers, including SOC and vdW interactions, is a routine task nowadays.
The study of perovskite/transport-layer interfaces is becoming increasingly popular. For instance, Feng et al. performed theoretical studies on electronic and optical properties, ion diffusion, ferroelectric redistribution and change transfer in MASn x Pb 1-x /TiO 2 , α-HC(NH 2 ) 2 PbI 3 /TiO 2 , and CsBBiX 6 (B = Ag, Cu; X = Br, Cl)/TiO 2 interfaces [171] [172] [173] . Their results based on more realistic models provided good explanation of experimental observations and predicted optimal interfaces with high efficiency for charge extraction.
Understanding exciton formation and dissociation, and carrier recombination constitutes cutting-edge research in perovskite solar cells. Several examples show a great potential of atomistic time-domain simulations for predicting properties and explaining mechanisms governing efficiencies of active perovskite materials for photovoltaics [128, [174] [175] [176] . In these works, the authors analyzed realistic structural aspects governing performance of perovskite solar cells, including grain boundaries, dopants, surfaces and interfaces with charge acceptors and water. The predicted trends in the charge and energy transfer and relaxation processes arise due to a complex interplay of charge localization, trapping, elastic and inelastic electron-phonon interactions, and thermal disorder. The time-domain atomistic simulations of charge carrier dynamics mimic directly abundant time-resolved pump-probe experiments and provide unique insights into the atomistic mechanisms of the far-from-equilibrium processes taking place in HOIP and other solar cells materials. Future work should incorporate a broader range of perovskites, more complex systems including interfaces of perovskites with various charge extracting materials, coupling of charge dynamics with ionic transport, larger systems and longer time-scales.
Recent reports indicated that compared with traditional threedimensional bulk perovskites, 2D hybrid perovskites enable efficient encapsulation of hybrid perovskite solar cell, thereby greatly enhancing stability and improving charge carrier transport and PCE for potential applications as photovoltaic materials [177] [178] [179] [180] [181] . However, the bandgaps of two-dimensional layered structures are large and far from the optimal regime of visible light absorption required for photovoltaic applications. Theoretical efforts on 2D materials, including MA 2 Pb(SCN) 2 I 2 [182] , (C 4 H 9 NH 3 ) 2 PbX 4 (X = Cl, Br, I) [183] , (C 4 H 9 NH 3 ) 2 MI 4 (M = Ge, Sn, and Pb) [184] , revealed that they could be used as an absorber for the top device of a tandem solar cell. Moderate bandgaps between 1.5 − 2 eV can be obtained, and the optical absorption can be tuned by varying the composition and the layer thicknesses. More theoretical efforts should be dedicated to design of new 2D materials with and without the lead element, and to further studies of their electronic and optical properties.
For the hysteresis-related phenomena, several critical questions are still open. For example, it would be very valuable to learn by calculations whether the ion migration still occurs in the hysteresis-free devices. Another important issue is the ionmigration impact on the long-term stability of the solar cells and its possible connection to the device aging. Finally, in the field of real-time simulations, more detailed studies on the charge extraction dynamics at poled perovskite/transport layers interfaces would be of high interest. An integrated modeling strategy, based on a combination of different codes and techniques, may play a major role in advancing the perovskite solar cell technology further. Based on numerous successful examples, a closer collaboration between experimental and theoretical scientists will definitely bring major benefits to the field of perovskite-based solar cells.
